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The size and operating energy of a non-
linear optical device are fundamentally con-
strained by the weakness of the nonlinear op-
tical response of common materials. Here,
we report that a 50-nm-thick optical meta-
surface made of optical dipole antennas cou-
pled to an epsilon-near-zero material exhibits
a broadband (∼ 400 nm bandwidth) and ultra-
fast (recovery time less than 1 ps) intensity-
dependent refractive index n2 as large as
−3.73 ± 0.56 cm2/GW. Furthermore, the meta-
surface exhibits a maximum optically induced
refractive index change of ±2.5 over a spec-
tral range of ∼ 200 nm. The inclusion of low-
Q nanoantennas on an epsilon-near-zero thin
film not only allows one to design a metasur-
face with an unprecedentedly large nonlinear
optical response but also offers the flexibil-
ity to tailor the sign of the response. Our
technique allows one to overcome a longstand-
ing challenge in nonlinear optics, namely that
of finding a material for which the nonlin-
ear contribution to the refractive index is of
the order of unity. It consequently offers the
possibility of designing low-power nonlinear
nano-optical devices with orders-of-magnitude
smaller footprints.
All-optical signal processing and computation are
often hailed as breakthrough technologies for the next
generation of computation and communication de-
vices. Two important parameters of such devices,
energy consumption and size, critically depend on
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the strength of the nonlinear optical response of the
materials from which they are made. However, ma-
terials typically exhibit an extremely weak nonlinear
optical response. This property makes designing sub-
wavelength all-optical active devices extremely diffi-
cult. Thus, all-optical active devices tend to have
large footprints, which limits the integration density
to many orders of magnitude smaller than what can
be achieved in a state-of-the-art electronic integrated
circuits [1, 2]. Thus, materials with much stronger
nonlinear optical responses are needed in order to en-
able integrated high-density on-chip nonlinear optical
devices.
Over the years several approaches have been ex-
plored to enhance the intrinsic nonlinear optical re-
sponse of materials, including local field enhance-
ment using composite structures [3, 4, 5], plasmonic
structures [6, 7], and metamaterials [8, 9, 10, 11].
However, these techniques offer only limited control
over the magnitude (and sign when applicable) of the
wavelength-dependent nonlinear response, and typi-
cally involve a trade-off between the strength of the
nonlinearity and the spectral position of the peak
nonlinear response. It has been reported recently
that materials with vanishingly small permittivity –
commonly known as epsilon-near-zero or ENZ mate-
rial – exhibit intriguing linear [12, 13, 14, 15, 16] and
large nonlinear responses [17, 18, 19, 20, 21]. How-
ever, an ENZ material has a large nonlinear response
over only a relatively narrow spectral range. Fur-
thermore, the zero-permittivity wavelength, strength
of the nonlinear response, and the losses depend on
the optical properties of the ENZ material. In com-
parison to previous works [17, 18] where strong non-
linear responses were reported in ENZ materials, here
we show that many of these constraints can be over-
come by incorporating engineered nanostructures on
an ENZ host material. Specifically, we report a new
approach to engineer an optical medium with an un-
precedentedly large intensity-dependent refractive in-
dex using nanoantennas coupled to a thin ENZ mate-
rial. The simple design concepts presented here pro-
vide an exquisite control to engineer the sign and the
magnitude of the nonlinear refractive index, and can
be used in an all-dielectric CMOS-compatible fabrica-
tion process to miniaturize non-linear optical devices
by orders of magnitude. We experimentally demon-
strate that a metasurface geometry is uniquely suited
to engineer a broadband and ultrafast nonlinear re-
sponse orders of magnitude larger than those of any
previously reported solid state materials at optical
frequencies.
The rational for using a coupled ENZ-nanoantenna
system as the building block for nonlinear optical de-
vices is straightforward. Let us consider an optical
antenna placed on a material exhibiting an intensity-
dependent refractive index. A laser beam that is
nearly resonant with such a system experiences a
large effective linear refractive index. However, the
resonance wavelength of a nanoantenna depends on
its geometrical parameters and the refractive index
of the surrounding medium. Thus, a small change in
the refractive index of the substrate material leads
to a spectral shift of the system’s linear resonance
as a consequence of the dynamic variation of the
resonance wavelength of the nanoantenna. As a re-
sult, a high-intensity beam at a nearly-resonant wave-
length experiences a significantly different refractive
index than that experienced by a low-intensity beam,
as illustrated in Fig. 1a, resulting in a large effec-
tive nonlinear refractive index change of the ENZ-
nanoantenna system, ∆n. Moreover, the field en-
hancement provided by the nanoantennas decreases
the energy requirements for the nonlinear response.
As a result, such a system can exhibit a broadband
and large intensity-dependent refractive index.
We note that ∆n can be either positive or nega-
tive, depending on the spectral position of the optical
signal relative to that of the resonance at a low in-
tensity. Therefore, the sign, magnitude, wavelength
position, and bandwidth of ∆n are no longer con-
strained by the ENZ substrate, but instead can be
tailored by plasmonic or dielectric nanoresonators.
These features make the system flexible enough to
engineer both the magnitude and sign of the nonlin-
ear response simply by engineering the linear disper-
sion, by appropriately choosing the antenna param-
eters,and by choosing an ENZ host that exhibits the
required nonlinear response. [17, 18].
We demonstrate the principle of operation using
a metasurface [22, 23, 24, 25, 26, 27, 28] consisting
of a two-dimensional array of gold optical antennas
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on a thin ENZ layer, which in turn is deposited on
a glass substrate (Fig. 1b). In this structure an an-
tenna plays three crucial roles: (i) it dictates the lin-
ear dispersion of the overall system, being responsi-
ble for a large effective refractive index at frequencies
near-resonance; (ii) it efficiently couples light at nor-
mal incidence to the ENZ layer; and (iii) provides
a moderate optical field enhancement. We find that
the interaction of the antennas with the ENZ layer
simulatenously increases the refractive index change
∆n for a constant incident intensity compared to the
bare ENZ, and lowers the intensity threshold for the
onset of nonlinear response due to the moderate field
enhancement inside the ENZ layer.
We used a 23-nm-thick film of indium tin ox-
ide (ITO) as the ENZ layer. The real part of the
permittivity of ITO crosses zero at λ ≈ 1420 nm.
We chose the geometric parameters of the antenna
such that its fundamental dipole resonance occurs
at this wavelength. The thin ITO layer supports
a lossy bulk-plasma mode at the zero-permittivity
wavelength [29, 30, 31]. The linear optical trans-
mission measurement of the metasurface (Fig. 1d)
shows two distinct dips which results from the strong
coupling-induced splitting between the fundamental
mode of the antenna and the bulk-plasma mode of
the ENZ layer. The coupled system exhibits two res-
onances, a main resonance centered at λ = 1280 nm,
and a weaker resonance centered at λ ≈ 1640 nmn.
The wavelength separation between the resonances
(∼ 330 nm) is larger than the 3 dB linewidth of
the antenna resonance on glass substrate alone (∼
30 nm) [32, 31]. This strong coupling plays a signifi-
cant role in the nonlinear response of the system.
We performed a series of Z-scan measurements [33]
for various laser wavelengths to characterize the non-
linear response of the metasurface at normal inci-
dence. We kept the incident intensity at the focus
nearly constant at I ≈ 0.150 GW/cm2 for all wave-
lengths. The polarization of the incident optical field
was always along the long axis of the antenna. The
metasurface exhibits both an intensity-dependent re-
fractive index and an intensity-dependent absorption.
The former is characterized by the effective nonlin-
ear refractive index, n2 = ∆n/I, and the latter by the
effective nonlinear absorption coefficient, β = ∆α/I,
where ∆n and ∆α are, respectively, the changes in
the effective refractive index and in the effective ab-
sorption resulting from illuminating the medium with
an incident intensity of I. The results are shown in
Figs. 2a and 2b. We find that the nonlinear response
is strongly enhanced across the entire spectral range
of interest, 1180 nm ≤ λ ≤ 1560 nm. The sign and
the magnitude of the nonlinear parameters depend on
which side of the linear resonance is under investiga-
tion, and can be reproduced using a semi-quantitative
numerical model describing the red-shift of the lin-
ear dispersion of the coupled structure caused by the
positive-valued intensity-dependent refractive index
of ITO (supplementary information).
The metasurface displays a feature-rich and
wavelength-dependent nonlinear response that can be
used to control both the magnitude and the sign of
the nonlinear parameters. The measured n2 (Fig. 2a)
show extremely large values at the negative (λ =
1240 nm) and the positive peaks (λ = 1300 nm),
which are associated with the main resonance of the
system. The absolute maximum response |n2| =
3.73±0.56 cm2/GW is almost 2000 times larger than
the maximum n2 of the bare 23-nm-thick ITO at λ =
1400 nm (supplemenatry information) and is three
orders of magnitude larger than that of a recently re-
ported highly nonlinear metamaterial [19]. The mag-
nitude of n2 steadily decreases as a function of in-
creasing wavelength (λ > 1300 nm). Nevertheless,
even at a red-detuned wavelength (λ = 1480 nm),
the nonlinear index, n2 = 0.589± 0.088 cm2/GW, is
six orders of magnitude larger than that of silica glass
and over two orders of magnitude larger than the non-
linearity of a high-conductivity ITO film at the ENZ
region at normal incidence [17]. Similarly, the mea-
sured values of β (Fig. 2b) have a positive or negative
sign depending on the optical wavelength. The val-
ues of β for λ < 1250 nm and λ > 1440 nm are neg-
ative, indicating saturable absorption, whereas the
values 1250 nm < λ < 1440 nm are positive, indicat-
ing reverse saturable absorption. The absolute maxi-
mum value of β is a factor of three smaller than that
of a highly nonlinear metamaterial made of struc-
tured plasmonic metamolecules [11]. Alternatively,
one could design the antenna array in a way to ex-
hibit a much larger β range [34] to realize an ultralow-
3
power saturable or reverse saturable absorber for ap-
plications in ultrafast lasing, optical limiter, and on-
off all-optical switching.
The nonlinear dynamics of the overall system is
primarily dictated by the nonlinear response of the
ITO film [17]. A positive change in the refractive in-
dex of ITO — resulting from an ultrafast red-shift
of the plasma frequency — leads to the red-shift of
the main resonance of the coupled system due to the
change in the coupling conditions between the an-
tenna and the bulk plasmon mode of the ITO. Thus
a laser pulse at a red-detuned (blue-detuned) wave-
length experiences an increase (a decrease) in effec-
tive refractive index i.e. a positive (negative) value
of the intensity-dependent refractive index. Thus, by
choosing appropriate geometric parameters of the an-
tenna array and the zero-permittivity wavelength of
the ENZ film, one can control the sign of the nonlin-
earity.
We studied the temporal dynamics of the resonant
nonlinear response using a degenerate pump-probe
transmittance measurement at λ = 1280 nm. The
measurement (Fig. 2c) reveals a rise time of ∼ 260 fs,
and recovery time of ∼ 600 fs. The rise-time mea-
surement was constrained by the temporal width of
the pump pulse, suggesting an onset of nonlinearity
with sub-100-fs dynamics. The total response time
(the rise time plus the recovery time) at the reso-
nant wavelength is only 53% larger than that of the
bare ITO film (supplementary information). The rel-
atively slower response time can be attributed to the
resonance effect of the coupled structure. The nonlin-
ear response of the coupled structure can be further
improved by using nanoantennas with higher quality
factor but possibly at the expense of slower response
time [35].
Finally, we investigated the nonlinear contribution
to the refractive index at higher intensities by mea-
suring the nonlinear phase shift ∆φ as a function of
the intensity at four different wavelengths as shown
in Fig. 3, two of those tuned to the main resonance
(λ = 1250 nm and λ = 1265 nm) and two red-
detuned from the main resonance (λ = 1360 nm
and λ = 1440 nm). The maximum resonant non-
linear phase-shift ∆φ = 0.677 rad which can oc-
cur due to a refractive index change of ∼ −2.74 for
propagation through a 50-nm-thick material. Even
at λ = 1440 nm (a highly red-detuned wavelength)
the change to the refractive index is ∼ 2.6 while the
change in the transmittance is less than 6%. Such
a broadband, large, and ultrafast optically induced
change in the refractive index is unprecedented. For
most cases, saturation effects become evident for in-
cident energy density larger than ∼ 2 pJ/µm2, which
is lower than the damage threshold of the gold an-
tennas. The saturation of ∆n can be attributed to
various causes including the large damping of the low
conductivity ITO, which limits the maximum achiev-
able temperature of the free electrons. Furthermore,
the increased electron temperature spectrally widens
the resonance of the coupled structure limiting the
maximum phase shift achievable. Thus, ENZ mate-
rial with lower intrinsic damping could increase the
saturation threshold. The nonlinear response could
be further enhanced by maximizing the overlap be-
tween the near-field of the antennas and the ITO
layer, by choosing antennas (dielectric or metallic)
with higher quality factors, and by choosing an ENZ
material with lower intrinsic damping [18, 36] .
We note that when the ENZ medium is suffi-
ciently thick, the antenna resonance gets locked to
the zero permittivity wavelength of the ENZ mate-
rial [37]. Nevertheless a metasurface that incorpo-
rates a thick ENZ material will also exhibit enhanced
nonlinear response because a dynamic change in the
substrate’s refractive index necessarily modifies the
resonance wavelength of the antenna. The strategy
introduced in this paper can be considered as a tem-
poral analogue of the typical space-gradient meta-
surface [22, 23, 24, 25, 27]. Thus, by combining both
strategies one could design an all-optical space-time
gradient metasurface to break the geometrical and
temporal symmetry on-chip [38, 39], design ultra-
fast temporal holograms, and control the directivity
of emission using an optical gate signal [40, 41].
In summary, we have demonstrated that a meta-
surface geometry is uniquely suited to achieving large
nonlinear refraction. We have shown that a meta-
surface may exhibit an extremely large intensity-
dependent refractive index if an epsilon-near-zero
medium is incorporated into the design. The tech-
nique introduced in this paper offers flexibility in cus-
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tomizing both the wavelength-dependent magnitude
and the signs of the nonlinear refractive index and
the nonlinear absorption coefficient in any optical fre-
quency of interest. The 50-nm-thick proof-of-concept
metasurface exhibits a large broadband nonlinear re-
sponse with sub-picosecond recovery time. The max-
imum absolute value of the nonlinear refractive in-
dex of the metasurface is three orders of magnitude
larger than the bare, planar ITO at normal incidence
[17]. As a benchmark comparison, it is also seven
orders of magnitude larger than that of glass, four
orders of magnitude larger than those of GaAs and
As2S3 [42]. However, the large absorption in the cou-
pled structure is a constraint. From the operational
point of view, perhaps a more important criterion is
the maximum achievable nonlinear phase shift over
one absorption length. The maximum theoretical ab-
sorption in the structure, including the ohmic loss in
metal, over the entire spectral range of interest is
less than 40% (supplementary information). Further
improvements to the design and material selection,
such as dielectric nanoantennas and an ENZ material
with less damping, may reduce the overall absorption
while increasing the efficiency. More interestingly, the
magnitude of the maximum nonlinear contribution
to the refractive index (> 2.5) is comparable to or
larger than the linear refractive index of typical opti-
cal materials. Our findings introduce a new paradigm
for developing efficient nonlinear-medium for appli-
cations involving low-power, high-integration-density
nonlinear nanophotonic devices, and also demon-
strate a subwavelength nonlinear metasurface for ul-
trafast all-optical control of the phase, amplitude and
the polarization of light.
Methods
Design: We used a comercial FDTD software
(Lumerical FDTD solutions) to design the metasur-
face. The material dispersion was taken into ac-
count by using experimental values for the permit-
tivity of ITO. The permittivity of the ITO film was
measured using a spectroscopic ellipsometer. The an-
tenna was designed by choosing the length-to-width
ratio in such a way so that the fundamental dipole
resonance of the antenna in the absence of the ITO
film (i.e. assuming only the glass substrate) lies near
the zero crossing wavelength of the permittivity of the
ITO film. The fabricated antenna’s have an average
dimension of ∼ 370 nm× 110 nm× 27 nm (designed
dimension is ∼ 355 nm × 110 nm × 27 nm) and the
unit cell dimension is 600 nm×600 nm. The ITO film
is 23 nm thick with surface resistivity of ∼ 80Ω/sq.
Fabrication: We fabricated a 500 µm× 500 µm an-
tenna array on a commercially available ITO on a
glass substrates (PGO GMBH). The antenna pat-
terns were defined in a bilayer PMMA resist using
electron beam lithography (Raith Pioneer 30kV), fol-
lowed by a Au deposition and lift-off step. Intra-
particle proximity error correction was used to en-
sure sharp corners and a good rectangular shape of
the antennas [43].
Measurements: We measured the linear response
of the metasurface using a thermal light source and
a custom-built transmittance measurement system.
We used a single-beam Z-scan technique to measure
the nonlinear response of the system using a regen-
eratively amplified femtosecond laser pumped OPA
(optical parametric amplifier) as a the source laser.
The pulse width was ∼ 140 fs. We used a pair of
apertures to produce a beam with circularly sym-
metric trimmed Airy profile (that is, the central lobe
only of an Airy pattern) in the far-field. A pair
of achromatic doublet lenses was then used to col-
limate and enlarge the beam. Part of the collimated
beam was routed to a reference photodiode to mon-
itor power fluctuations. The rest of the collimated
beam was then focused onto the sample using an
achromatic doublet lens with anti-reflection coating.
The diffracted light after the sample was split using
a pellicle beam splitter and routed to a pair of de-
tectors for closed- and open-aperture measurements.
The sample was mounted on a computer-controlled
motorized translation stage. For each position of the
sample we record the truncated mean values (the low-
est 25% and the highest 25% values were discarded
before calculating the mean) from the photodiodes
averaged over roughly 3000 pulses. Due to the diffrac-
tive propagation required to produce a collimated
beam with an Airy profile, the beam diameter at
the Z-scan lens varied as a function of wavelength.
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Specifically, the input beam diameter varied from
10.2±0.15 mm to 14.65±0.15 mm for λ = 1160 nm to
λ = 1560 nm. The beam was focused onto the sam-
ple using an anti-reflection coated achromatic doublet
lens of ∼ 100 mm focal length. The closed-aperture
detector was placed 285 mm away from the Z-scan
lens. We did not use any aperture before the closed-
aperture detector because the active area (5 mm di-
ameter) of the detector was much smaller than the
beam diameter. The use of an even smaller aperture
adversely affected the measurement by reducing the
signal-to-noise ratio.
We used the Fresnel-Kirchhoff diffraction integral
with a fast-Fourier-transform-based beam propaga-
tion method to simulate the experimental beam prop-
agation over the entire setup. We were thus able
to calculate the z-dependence of the light falling
onto the closed- and open-aperture photodiodes. We
wrote the numerical beam propagation program us-
ing Julia language [44], and it allows arbitrary or-
der nonlinear refraction and absorption to be taken
into account. We have observed that at high in-
tensity fifth-order nonlinear absorption becomes sig-
nificant and at nonresonant wavelengths can almost
completely cancel the third-order nonlinear absorp-
tion.
Numerical model of the nonlinear refractive
index: To calculate the nonlinear refractive index
we do a series of linear FDTD simulations of the
antenna-ITO structure by varying the plasma fre-
quency of the ITO. Then we calculate the homog-
enized refractive index from each set of s-parameters
resulting in plasma frequency-dependent effective in-
dex distribution of the coupled system. We then cal-
culate the time-dependent electronic temperature us-
ing a semiclassical two-temperature model. We cal-
culate the plasma frequency of the ITO layer based
on the electronic temperature (supplementary infor-
mation). Based on the calculated plasma frequency
and the set of homogenized refractive indices, we cal-
culate the time dependent change in the refractive in-
dex. We calculate the effective nonlinear coefficients
n2 and β by dividing the time-averaged homogenized
refractive index (normalized by the pulse shape) by
the incident intensity. In this model we ignore the
intrinsic nonlinearity of the metal and the change in
absorption of the coupled system due to the temper-
ature dependent change in the damping coefficient
(imaginary part of the permittivity) of the ITO layer.
This leads to an overestimation of β obtained from
the numerical model for all wavelengths far from the
saturation intensity. Hence, we scale down β values
by a factor of 3.0 to fit the numerical result to that
obtained in the experiment.
Data Availability: All relevant data and codes used
in this paper are available can be obtained from the
authors.
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Figure 1: Design concept and the linear response of the coupled structure. (a) A small nonlinear
change of the substrate material’s refractive index results in a significant spectral-shift of the resonance
wavelength of an antenna. As a result, light of high intensity experiences a dramatically different refractive
index (∆n) and a different absorption (∆α) than those experienced by low intensity light. (b) Our structure
is made of a gold dipole antenna array of 27 nm thickness on a glass substrate. A 23-nm-thick ITO layer
is sandwiched between the antenna array and the glass substrate. (c) An SEM micrograph of the fabri-
cated antenna array. (d) The thin ENZ medium supports a bulk plasma mode near the zero permittivity
wavelength [30, 45]. When a dipole antenna array with resonance at ∼ 1420 nm (due to the presence of
the glass substrate only) is placed on an ITO-glass substrate, the transmission curve shows a splitting of
the transmission resonance due to the strong coupling between the fundamental mode of each antenna and
the ENZ mode [32, 31]. The variation between the experimental result and the FDTD simulation – with
antennas of dimension 362 nm× 108 nm× 27 nm – can be attributed to inhomogeneous broadening of the
linewidth of the antennas due to fabrication imperfections.
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Figure 2: Nonlinear response of the coupled system. (a) The effective nonlinear refractive index n2
as measured using a Z-scan technique. The metasurface exhibits a large nonlinear response. The intensity-
dependent refractive index of the metasurface is almost six orders of magnitude larger than that of SiO2
even for a highly red-detuned wavelength (λ = 1540 nm). (b) The nonlinear absorption β. The solid
lines show the simulated n2 and β values as calculated using a two-temperature model while taking the
non-parabolic conduction band structure of the ITO into consideration (supplementary information). The
semi-quantitative numerical simulation predicts the main features of the wavelength-dependent nonlinear
response. The error bars correspond to the uncertainity in measured values due to distortion of the z-scan
traces. (c) The pump-induced change in the transmittance of the probe at 1280 nm. The dashed vertical
lines represent the 10% − 90% transient time. The slow recovery time is dictated by the electron-phonon
coupling strength and the quality factor of the resonance of the coupled system.
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Figure 3: Maximum nonlinear contribution to the refractive index as a function of incident
energy density. We determined the maximum nonlinear contribution to the refractive index by measuring
the phase shifts at four different wavelengths for a series of different incident energy densities. Even at a
highly red-detuned wavelength of 1440 nm the maximum nonlinear contribution to the refractive index is
larger than 2.5. These results show that the metasurface exhibits a large refractive index change across a
wide bandwidth. We note that the saturation effects present in the plots can be modelled to extract effective
fifth-order nonlinear coefficients.
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